Human melanoma cells growth-arrest irreversibly and terminally differentiate on treatment with a combination of fibroblast interferon and the protein kinase C activator mezerein. This experimental protocol also results in a loss of tumorigenic potential and profound changes in gene expression. Various cloning and cDNA microarray strategies are being used to determine the complete spectrum of gene expression changes underlying these alterations in human melanoma cells. An efficient approach, Rapid Subtraction Hybridization (RaSH), has been developed that is permitting the identification of genes of potential relevance to cancer growth control and terminal cell differentiation. RaSH cDNA libraries are prepared from double-stranded cDNAs that are enzymatically digested into small fragments, ligated to adapters, and PCR amplified followed by incubation of tester and driver PCR fragments. This subtraction hybridization scheme is technically simple and results in the identification of a high proportion of differentially expressed sequences, including known genes and those not described in current DNA databases. The RaSH approach represents an efficient methodology for identifying and cloning genes displaying differential expression that associate with and potentially regulate complex biological processes.
O
rderly temporal changes in gene expression are major determinants of normal physiological processes, and they represent primary mediators of altered cellular properties that define various disease states (1) (2) (3) . In these contexts, the ability to elucidate the molecular causes of normal and abnormal cellular changes requires the identification and clarification of function of the spectrum of differentially expressed genes. Attaining this goal continues to represent a major effort in both academic and industrial research laboratories. This task is of high priority and offers promise for discovering target genes regulating specific disease states. Once appropriate genes are recognized, methods such as combinatorial chemistry and high throughput screening can be used to identify and develop new molecules with broad ranges of therapeutic potential.
Several approaches are providing an initial description of potentially important and possibly relevant genes involved in, or associated with, normal processes and specific disease states, including aging, differentiation, development, cancer, cardiovascular disease, and neurodegeneration (1) (2) (3) (4) . Specific molecular approaches that have proven especially informative in identifying differentially expressed genes include differential RNA display (4, 5) , serial analysis of gene expression (6, 7) , subtraction hybridization (8) (9) (10) (11) , reciprocal subtraction differential RNA display (12) , representational difference analysis (13) , RNA fingerprinting by arbitrarily primed PCR (14) , electronic subtraction (15) , and combinatorial matrix gene analysis (16) . Subtraction hybridization represents a particularly attractive method for isolating genes that are differentially expressed in diverse target cells, without prior knowledge of their functional or biochemical characteristics. A limitation of this scheme can often be attributed to technical difficulties encountered in performing this procedure (11, 17) . The traditional subtraction hybridization method involves hybridization of first-strand cDNAs generated from tester mRNAs with mRNAs obtained from drivers. Single-stranded unhybridized cDNAs are then selected by hydroxylapatite column chromatography or biotinavidin extraction and are used as templates for the second-strand cDNA synthesis. These approaches can only analyze a fraction of the overall changes in gene expression, require large amounts of mRNA, and are lengthy and labor-intensive procedures. To circumvent some of these problems, cDNA libraries in phage plasmid vectors have been used as both testers and drivers leading to successful construction of subtracted cDNA libraries by a number of investigators (8, 18, 19) . However, constructing cDNA libraries and preparation of cDNA fragments for hybridization are laborious, sometimes difficult, processes. PCR-based cDNA subtraction considerably accelerates the procedures for cDNA library preparation and provides a new direction for subtraction, although it also involves several tedious steps during or after hybridization (13, 20) .
A protocol, Rapid Subtraction Hybridization (RaSH), is presently described and significantly simplifies the process of cDNA subtraction in comparison with other methodologies. Additional advantages of the RaSH scheme include efficiency of subtraction and significant reductions in cost. Proof-of-principle for the RaSH approach is presently provided by using a well established human melanoma cell culture model of terminal differentiation (21, 22) . In human melanoma cells, treatment with the combination of fibroblast interferon (IFN-␤) ϩ mezerein (MEZ) results in irreversible growth arrest, loss of tumorigenic properties, and terminal cell differentiation (21, 22) . These changes in melanoma physiology involve specific temporally regulated modifications in gene expression (22) (23) (24) . Potentially relevant genes associated with this process have been identified from a temporally spaced subtracted IFN-␤ ϩ MEZ-treated HO-1 human melanoma cDNA library by using several molecular approaches, including random screening of cDNAs, high throughput microchip cDNA microarrays and random cDNA clonal analysis, and screening by reverse Northern hybridization (8, 23, 24) . These approaches provide a molecular snapshot of genes regulated during terminal differentiation, and they have produced a useful database for determining the utility and efficacy of the RaSH approach. In the present study, the RaSH scheme has identified a high proportion of genes (Ϸ45%) displaying differential expression as a function of treatment with IFN-␤ ϩ MEZ. These include genes previously identified as differentially expressed ESTs (expressed sequence tags) in the HO-1 melanoma system as well as genes not previously identified as differentially expressed and genes without sequence homology to reported genes in DNA databases. In these contexts, the efficacy of the RaSH approach as a strategy for identifying differentially expressed genes, as now applied to the process of cellular differentiation, has been confirmed.
Materials and Methods
Cell Lines and Culture Conditions. The HO-1 human melanoma cell line was established from a metastatic inguinal node lesion from a 49-year-old female and cultured in DMEM supplemented with 10% (vol͞vol) FBS and penicillin͞streptomycin (100 units per 100 g͞ml; ref. 21) . Cultures were seeded at 1.5 ϫ 10 6 cells per 10-cm plate, and 24 h later the medium was changed without inducers or with IFN-␤ (2,000 units͞ml), MEZ (10 ng͞ml), or IFN-␤ plus MEZ (2,000 units͞ml ϩ 10 ng͞ml). For library construction and subtraction, HO-1 cells were untreated or treated with IFN-␤ plus MEZ (2,000 units͞ml ϩ 10 ng͞ml) for 2, 4, 8, 16 , and 24 h.
RNA Isolation and Northern Blot Analysis. Total RNA was isolated by the guanidinium͞phenol procedure from untreated or IFN-␤-, MEZ-, or IFN-␤ plus MEZ-treated cells. Northern blotting was performed as described (8) (9) (10) . Northern blots were quantitated by densitometric analysis with a Molecular Dynamics densitometer. Poly(A)-RNA was purified by using oligo(dT) cellulose columns (GIBCO͞BRL).
Primer Designs. Sequences of oligonucleotides were as follows: XEA-18, TGATCACTCGAGACCAGG; XET-18, TGAT-CACTCGAGACCTGG; XE-14, CTGATCACTCGAGA; XEA-13, CCAGGTCTCGAG; XET-13, CCTGGTCTCGAG; XDPN-18, CTGATCACTCGAGAGATC; XDPN-14, CTGAT-CACTCGAGA; XDPN-12, GATCTCTCGAGT. The adapters formed from the two sets of oligonucleotides contain an XhoI recognition site.
Preparation of PCR-Based cDNA Libraries. Poly(A)-RNA (1 g) from control cells (driver) or IFN-␤ ϩ MEZ treated cells (tester) was used for double-stranded cDNAs synthesis by using standard protocols (8, 17, 25) . The cDNAs then were digested with EcoRII (Sigma) or DpnII (New England Biolabs) at 37°C for 3 h followed by phenol͞chloroform extraction and ethanol precipitation. The digested cDNAs were mixed with primers XE-14͞XEA-13͞XET-13 (final concentration, 20 M) or XDPN-14͞XDPN-12 (final concentration, 20 M) in 30 l of 1ϫ ligation buffer (GIBCO͞BRL), heated at 55°C for 1 min, and cooled down to 14°C within 1 h. After adding 3 l of T4 ligase (5 units͞l) to the mixtures individually, ligation was carried out at 14°C overnight. The mixtures were diluted to 100 l with 10 mM Tris͞1 mM EDTA, pH 7.0, and at least 40 l of the mixtures was used for PCR amplification. The PCR mixtures were set up as follows: 1 l of the cDNA mixture, 10 l 10ϫ PCR buffer, 1 M dNTPs, 10 M XEA-18͞XET-18 or XDPN-18, and 1 unit of Taq polymerase (GIBCO͞BRL). The parameters for PCR were 1 cycle for 5 min at 72°C, followed by 25 cycles for 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C, and 1 cycle for 3 min at 72°C. The PCR products were pooled and purified by using Centricon columns (Amicon). Portions (10 g) of the tester PCR products were digested with XhoI followed by phenol͞chloro-form extraction and ethanol precipitation. Two sets of cDNA libraries thus were prepared: the libraries amplified with XEA-18͞XET-18 and the libraries amplified with XDPN-18.
Subtraction Hybridization and Generation of Subtracted Libraries.
The tester cDNA (100 ng) was mixed with 3 g of the driver cDNA in 10 l of a hybridization solution [0.5 M NaCl͞50 mM Tris, pH 7.5͞0.2% SDS͞40% (vol/vol) formamide] and, after boiling for 5 min, incubated at 42°C for 48 h. The hybridization mixture was phenol͞chloroform extracted, ethanol precipitated, and dissolved in 20 l of 10 mM Tris͞1 mM EDTA, pH 7.0. Part (1 l) of the mixture was ligated with 1 g of XhoI-digested, calf intestinal phosphatase-treated pCRII plasmids overnight at 14°C and transformed into Shot-1 bacteria.
Colony Screening. Bacterial colonies were picked randomly and PCR amplified. The PCR products were blotted onto filters, and reverse Northern blotting was performed to identify cDNAs displaying differential expression in control and differentiated cells (12, 24) . The results were confirmed by Northern blotting. The sequences of these clones were determined by using automated cycle sequencing at the DNA facility of Columbia University.
Results and Discussion

Melanoma Cell Culture Model System for Defining the Molecular
Determinants of Growth Control and Differentiation. Abnormalities in differentiation are common properties in many diverse cancers (26, 27) . Treatment of human melanoma cells with the combination of IFN-␤ ϩ MEZ results in a rapid cessation of growth, an induction of melanogenesis, production of profound morphological changes including the development of dendritelike processes, changes in cell surface antigens, and alterations in gene expression (8, 9, 21-24, 26, 28) . Kinetic studies designed to define the temporal relationship between inducer treatment and induction of terminal differentiation in HO-1 human melanoma cells demonstrate that the first 24 h of inducer treatment is critical for irreversibly committing the majority of treated cells to terminal differentiation (21, 22) .
To define the spectrum of gene expression changes occurring during commitment to differentiation and maintenance of terminal differentiation in human melanoma cells, a modified subtraction hybridization technique was used (8) . Because differentiation is a temporal process, our approach to producing subtracted libraries involved the isolation of temporally spaced mRNAs (encompassing the first 24 h of treatment) from IFN-␤ ϩ MEZ and control untreated cells and subtracting control (driver) from differentiation inducer-treated cells (tester; ref. 8) . Initial screening of this differentiation inducer-treated HO-1 subtracted library included 70 random clones, of which 23 clones (Ϸ33%) displayed differential expression as a consequence of treatment with the inducing agents, and seven of these differentially expressed clones initially represented sequences not reported in then current DNA databases (8, 26) . The initially represented melanoma differentiation associated (mda) genes included mda-2, which is homologous to the germ-cell-specific transcription repressor Tctex-1 (29, 30) ; mda-4, a member of the human IFN-inducible gene family associated with control of tumorigenicity in a model of human melanoma (31); mda-6, the universal cyclin-dependent kinase inhibitor p21 (8, 32, 33) ; mda-7, a ubiquitous cancer growth-suppressor gene (34, 35) ; mda-9, a differentiation-associated and IFN ␥-inducible gene (36, 37) ; and mda-1 and mda-5 (8), still without representation in the DNA database and without a defined function. By using the same subtracted library and screening of 1,000 immobilized cDNAs on glass chips, an additional 112 cDNAs (26 known and 11 previously unknown; Ϸ11%) displaying elevated expression as a function of differentiation in HO-1 cells have been identified (23) . Moreover, screening of an additional 400 random cDNA clones from the subtracted library by reverse Northern hybridization identified an additional 65 differentially expressed cDNAs (30 known and 26 previously unknown; Ϸ16%), some of which had also been identified in the first library screen or by the high-density cDNA microarray approach (24) . These analyses provide baseline data for specific gene expression changes occurring during the processes of induction and maintenance of differentiation in human melanoma cells.
RaSH Protocol and Its Application for Identifying Genes Differentially
Expressed During HO-1 Differentiation. Subtraction hybridization provides a general methodology for directly selecting for unique cDNA species and removing common expressed sequences between cellular genomes (8) (9) (10) (11) . The application of the original approach often was not straightforward, and success required a high degree of technical competence (11) . The ability to use subtraction hybridization for identifying differentially expressed genes has been improved by the development of PCR-based subtraction hybridization approaches (13, 20) . However, this innovation is not trouble-free, because this approach is laborious and often ineffective in identifying differentially expressed genes. To simplify the subtraction hybridization approach and make this methodology more amenable to diverse research laboratories, we have developed a simple, efficient, and affordable rapid subtraction hybridization approach, RaSH.
A schematic of the RaSH approach is shown in Fig. 1 . For the present study, pooled RNAs (2, 4, 8, 16 , and 24 h) extracted from control and IFN-␤ ϩ MEZ-treated cells were used in the RaSH protocol to identify genes differentially expressed in the inducertreated cells. The cDNA libraries were constructed by synthesizing double-stranded cDNAs, digesting the cDNAs into small fragments, ligating the fragments to adapters, and amplifying with PCR. Purifying the PCR products by means of Centricon columns produces reproducible results. Experiments were performed by using the 4-bp restriction enzyme DpnII and the 4.5-bp restriction enzyme EcoRII to compare the effects of cDNA fragment size on redundancy of subtracted cDNA species. Compared with the average size of 256 bp generated by DpnII, EcoRII digested cDNAs into fragments of 512 bp on average, which reduced the redundancy of large-gene species while decreasing the representation of small-gene species in the RaSH cDNA libraries.
Subtraction hybridization during the RaSH approach is performed by incubating the tester and driver PCR fragments without the need for any additional PCR amplification steps.
Instead of using the PCR-based subtraction approach, which can result in amplification bias, RaSH uses a different strategy based on mass-driven subtraction by altering the ratio of input tester to driver. In the RaSH scheme, subtracted cDNAs are selected simply by matching the ends of the cDNA fragments to the ends of the plasmid vectors during ligation, from which subtracted libraries are constructed. This simple step of subtraction makes RaSH different from any other cDNA subtraction protocol.
The RaSH approach incorporates a reverse Northern analysis, which offers the ability to rapidly pretest large numbers of cDNA clones for differential expression (12, 24) . The reverse Northern step permits the first tier identification and elimination of possible false positive clones. This procedure can, theoretically, also be used for subsequent rounds of RaSH clone identification by using previously identified RaSH sequences to eliminate redundant clonal selection. Moreover, it is possible to scale up this approach and use high-throughput screening platforms containing RaSH-derived clones for monitoring temporal and distinct patterns of gene expression of multiple cDNAs within one assay. Once identified as a potential positive clone, confirmation of differential expression can be verified by Northern blotting analyses (12, 24) .
To construct subtracted cDNA libraries, tester cDNAs were digested with DpnII or EcoRII, ligated to DpnII-or EcoRII-end adapters, amplified with specific primers, digested with XhoI (which recognizes the XhoI site in the primers), and subtracted with driver cDNAs treated in an identical manner without enzymatic digestion (Fig. 1) . In this manner, two cDNA libraries (Dpn-sLib and Eco-sLib) were constructed.
Colonies from the two libraries were isolated randomly and the PCR-amplified products were used for reverse Northern analysis. This analysis resulted in the identification of Ϸ50% differentially expressed clones. The results of the screening of 32 representative clones from each library are shown in Fig. 2 indicating differential expression in the majority of clones from both libraries when one compares control and differentiationinducer treated HO-1 cells. Clones from both libraries were sequenced and compared with previously identified genes deposited in GenBank and European Molecular Biology Organization databases. Both libraries resulted in the identification of known and unidentified gene sequences. Although the majority of clones contained single-gene inserts, as with other cloning strategies, some colonies were isolated that contained more than one insert (usually two) ligated in tandem.
The reverse Northern analysis results were confirmed with Northern blots by using both known and unidentified sequences from each library (Tables 1 and 2 ). This analysis resulted in a high degree of concordance (Ϸ89%) between positive signals identified by using the reverse Northern screen and true differential expression as indicated by Northern blotting (Figs. 2 and 3) . 1 . Schematic outline of the RaSH protocol. This scheme involves construction of tester (IFN-␤ ϩ MEZ) and driver (control) HO-1 libraries, followed by digestion of only the tester library with XhoI. After hybridization, differentially expressed sequences are cloned into XhoI-digested vectors, resulting in a subtracted cDNA library enriched for mda genes displaying elevated expression. By using the control HO-1 library as the tester and the IFN-␤ ϩ MEZ library as the driver, RaSH can also be used to produce a subtracted cDNA library enriched for genes down-regulated during terminal differentiation.
It should be noted, however, that because equal amounts of mRNA at 2, 4, 8, 16, and 24 h after treatment of HO-1 cells with the differentiation inducers were pooled and used for poly(A)-RNA selection and tester cDNA synthesis, the results of reverse Northern blots in the current experiments should be interpreted as a comparison between the expression level of control and the average level of the differentiation-induced cells at different time points. If a single time point had been used, the proportion and types of differentially expressed genes identified would, in all likelihood, be different unless they displayed elevated expression over a broad time period (22) (23) (24) . Defined temporal expression kinetics seem to be the rule rather than the exception during a 72-h evaluation of the expression of a subset of microarrayed subtracted HO-1 cDNAs with temporally spaced RNAs isolated from HO-1 cells treated with IFN-␤ ϩ MEZ (23) . This effect is also apparent after inspection of the various mda genes identified by using RaSH as indicated by temporal kinetics of expression over a 72-h time course, 2, 4, 8, 24, and 72 h (Fig. 3) 
. For example, genes such as mda-D-57, mda-D-55, mda-E-64, mda-E-61, and mda-D-42 are inducible within 2 or 4 h exposure to IFN-␤ ϩ MEZ, whereas other mda genes, such as mda-D-33, mda-D-47, mda-D-66, mda-D-56, mda-D-27, mda-E-47,
and mda-D-34, display low or no induction within this time frame (Fig. 3) . In fact, all of the mda genes analyzed exhibit defined temporal kinetics confirming similar results obtained by using high-throughput microarray analyses (23) .
The genes identified by using RaSH in the melanoma differentiation model can be classified into four mda gene subtypes based on their pattern of induction, as confirmed by Northern blotting (8) . These include, type I mda genes (up-regulated by IFN-␤ and IFN-␤ ϩ MEZ), type II mda genes (up-regulated by MEZ and IFN-␤ ϩ MEZ), type III mda genes (up-regulated by IFN-␤, MEZ and IFN-␤ ϩ MEZ), and type IV mda genes (up-regulated primarily by IFN-␤ ϩ MEZ; ref. 8; Fig. 3 ). Excluding redundant gene identification, in the initial RaSH analyses (Ϸ10% of the subtracted libraries) with the enzymes DpnII and EcoRII a total of 17 type I, 14 type II, 1 type III, and 7 type IV mda genes were identified based on Northern blotting analyses (Tables 1 and 2) . Examples of the four types of mda genes initially identified by reverse Northern blotting and then classified into specific mda subtypes by Northern blotting are shown in Fig. 3 . By using the enzyme DpnII in the RaSH approach, a comparable number of type I and type II genes were identified, 10 and 11 respectively, whereas only 1 type III and 3 type IV genes were identified (Table 1) . With the enzyme EcoRII in the RaSH approach, eight type I genes and only four type II genes were identified, whereas no type III and five type IV genes were cloned ( Table 2 ). As found in previous screenings of temporally spaced IFN-␤ ϩ MEZ subtracted HO-1 cDNA libraries, several categories of known genes were identified, including IFN-inducible genes (HLA, Cig-5, 1-8U, GBP I), MEZ-inducible genes (prolactin receptor-associated protein), a differentiation factor, leukemia inhibitory factor (LIF), genes involved in growth inhibition or apoptosis (mda-6, Hu-GADD34), and cytoskeleton and extracellular matrix genes (fibronectin, integrin ␣5; Tables 1 and 2 ). In addition, seven sequences without representation in current DNA databases also were identified by using RaSH. Of the 25 distinct genes identified from the Dpn-sLib and the 17 distinct genes cloned *Clones are designated as melanoma differentiation-associated (mda) and the E designation refers to the fact that the restriction enzyme EcoRII was used for isolation by the RaSH approach. † Sequences were searched against various DNA databases to determine sequence identities. Novel, no similar sequence reported in current DNA databases. from the EcoR-sLib, only one type I (2Ј-5Ј oligoadenylate synthetase), one type II (LIF), and one type IV (fibronectin) gene were common to both libraries (Tables 1 and 2) .
It is well established that the induction of many IFN-stimulated genes occur through activation of the JAK͞STAT signaling pathway (38, 39) , and MEZ can induce activation of specific protein kinase C (PKC) subtypes (40) . Based on the relative proportion of mda gene subtypes identified from subtracted libraries by using RaSH and other gene identification strategies (23, 24) , it is probable that the ability of IFN-␤ ϩ MEZ to induce terminal differentiation may involve the combined activation of both of these pathways. Further studies to address the role of each respective pathway, i.e., JAK͞STAT signaling and PKC activation, in induction of growth arrest and terminal differentiation in human melanoma cells by IFN-␤ ϩ MEZ should prove informative.
As with previous subtraction hybridization approaches (8, 23, 24) , clonal redundancy was apparent in both RaSH libraries (Tables 1 and 2 ). As examples, fibronectin (Ϸ8 kb) was isolated five times from the Dpn-sLib and seven times from the EcoRsLib, and LIF (Ϸ7.6 kb) was isolated twice from the Dpn-sLib and three times from the EcoR-sLib. In contrast, redundancy in the isolation of smaller cDNAs, including ␣ 5 -integrin (two isolates; 4.1 kb) and the IFN-responsive gene 1-8U (three isolates; 0.8 kb) occurred only in the Dpn-sLib, and these sequences were not detected in the EcoR-sLib. Size may not be the only factor resulting in differential abundance of clones identified in libraries prepared with the two different enzymes, because IL-11 was isolated three times from the Dpn-sLib, Ϸ6.9 kb in size and was not present in the 10% of EcoR-sLib-evaluated clones. It is apparent, however, from this limited analysis of the two RaSH-derived libraries that using EcoRII to digest cDNAs may result in reduction of sequence redundancy compared with DpnII. However, the use of DpnII in the RaSH approach may facilitate the isolation of smaller sized cDNAs moreso than the use of the enzyme EcoRII.
The RaSH approach successfully identified genes previously recognized as those differentially expressed during induction of terminal differentiation in human melanoma cells (8, (22) (23) (24) . This grouping includes genes identified during the initial random screening of the subtracted cDNA library [mda-6 (p21) and vimentin], identified by using high-density microchip cDNA arrays (fibronectin, HLA-B, Mn superoxide dismutase, and 2Ј-5Ј oligoadenylate synthetase), and identified by random clonal isolation and screening by reverse Northern hybridization (HLA-B) . Moreover, previous studies have demonstrated changes in the expression of intercellular adhesion molecule 1 (28) and ␣ 5 -integrin (22) during induction of differentiation in HO-1 cells, and both of these gene changes were identified by using the RaSH approach. In addition, RaSH has identified sequences not detected by using the previous protocols (Tables  1 and 2 ). In contrast, genes, such as the transcription factor ISGF-3 and mitochondrial-associated genes that were identified 11 and 52 times, respectively, by using microarrays of subtracted cDNA clones (23) were not identified by using the RaSH approach. The reason for the differences in the types of genes identified by using the dissimilar methodologies is not known. One possibility is that all of the approaches, including RaSH, have not evaluated the entire spectrum of cDNAs present in the subtracted libraries that have been generated. In the case of the high-density cDNA microarray analysis, only 1,000 of the Ϸ10,000 clones in the subtracted cDNA library were evaluated (23) . Similarly, by using the RaSH approach, only 10% of either the Dpn-sLib or the EcoR-sLib have been evaluated. Alternatively, it is possible that specific cloning and identification biases are present in the different approaches, thereby resulting in only a subset of genes being identified with any specific subtraction approach. This preferential gene identification may be true with respect to the microchip array approach, because only random cDNAs of Ն500 bp could be formatted for evaluation on chips (23), whereas smaller subtracted cDNAs were used for the reverse Northern approach (24) .
Efficiency of subtraction in RaSH was determined by comparing the percentage of specific gene fragments present in the PCR-amplified cDNA library versus those in the subtracted library. The fibronectin and LIF fragments were used for this purpose because of their large cDNA size, Ϸ8 and Ϸ7.6 kb, respectively, which resulted in redundant copies of these genes in both subtracted libraries (Dpn-sLib and EcoR-sLib; Tables 1  and 2 ). The relative amounts of each of these cDNA fragments were estimated by Southern blotting of the PCR cDNA libraries and in comparison with different quantities of the cDNA fragments (Fig. 4) . Enrichment was then calculated as the percentage of the fragment in the PCR libraries divided by the percentage of the clones in the subtracted library. Enrichment of LIF was 544-fold in the Dpn-sLib and 96-fold in the EcoR-sLib, whereas enrichment of fibronectin was 75-fold in the Dpn-sLib and 6-fold in the EcoR-sLib. The representation of cDNA species was reduced in the EcoRII PCR-amplified library, because larger cDNA fragments were produced by EcoRII digestion. The presence of fewer cDNA species in this library might explain the ''lower efficiency'' in relative copy number. The present data also indicate that PCR amplification in the RaSH procedure does not significantly alter the proportion of expressed genes. Based on this consideration, it is possible that RaSH could be performed without a PCR-amplification step, and this possibility is currently being tested. However, it is also probable that low-abundance messages may be lost if PCR amplification is not used in the RaSH approach.
The differences between RaSH and other PCR-based subtraction protocols are readily apparent. Except for the use of PCR for cDNA amplification, the experimental approaches are distinct because RaSH includes different primer designs, subtraction ap- proaches, and subtracted sequence selection. Although both cDNA populations from control and differentiated HO-1 cells are amplified by using the same primers, only the tester cDNA fragments are digested with XhoI, which recognizes the internal XhoI site in the primer. Therefore, the cDNA fragments from the differentiated cells have clonable XhoI sticky-ends, which distinguishes them from those of driver cDNAs. Only one round of hybridization is necessary in the RaSH protocol because the subtraction stringency can be adjusted by simply changing the ratio of tester and driver during subtraction. Unlike other PCR-based protocols, no PCR amplification is used in RaSH during subtraction. The absence of these additional steps also significantly simplifies the subtraction procedures. The use of EcoRII (4.5-bp cutter) as opposed to DpnII in producing RaSH subtracted libraries can be used to reduce redundant gene identification. However, the application of either restriction enzyme in the RaSH approach results in the efficient identification of both similar and distinct genes. It should also be emphasized that the efficiency of the RaSH approach in identifying differentially expressed genes is superior to previous approaches, i.e., 45% versus Ϸ20% for the combination of random cDNA clone isolation, high-throughput screening of microarrayed subtracted cDNAs, and random cDNA isolation and analysis by reverse Northern blotting (8, 23, 24) .
In conclusion, we have developed a rapid and simple cDNA subtraction protocol, RaSH, and, presently applied, this procedure to isolate mda genes. The originality of this method is reflected in the manner in which cDNA fragments are prepared, the steps used in subtraction, and the method of selecting subtracted sequences. The mda genes isolated by using RaSH represent both known and previously unidentified sequences of potential relevance to growth control and differentiation. Based on the ease of performance and the efficiency of differential gene isolation embodied in the RaSH approach, this methodology should find wide application for facilitating the identification of relevant genes associated with and potentially causative of important biological phenomena. 
